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Modern societies depend on the continuous supply of electricity, which has become a key focus 
for power system engineers. It is critical to the economy that a high quality and an 
uninterruptable power supply is maintained to ensure there are no costly losses. 
This thesis looks at addressing two network issues: security and reliability, by incorporating the 
use of a Resistive Superconductor Fault Current Limiter (R-SFCL) device. The technical analysis 
investigates the two scenarios independently. The first case assesses the installation of a peak-
lopping diesel generating facility with a series installed R-SFCL to address the shortfall forecasted 
in the future. The second case evaluates the functionality of the R-SFCL as a busbar coupler to 
improve the substation’s reliability performance. Both applications of the R-SFCL are to reduce 
the fault current levels on the network to within manageable levels. An economic assessment is 
handled to provide the most inexpensive and reliable solution for addressing the network 
drivers for a review time of 25 years. 
The fault analysis is conducted in a steady-state assumption to evaluate the efficiency of 
reducing the fault current under contingency conditions. The simulations are conducted on two 
real 132/22 kV substation networks to investigate the fault current levels experienced on the 
network. The results from the simulations were then used for an economic assessment of the 
device against traditional network solutions. 
The device proved effective in limiting the fault current for the two scenarios, but the economic 
assessment impacted the application of the R-SFCL. The economic assessment proved that the 
R-SFCL is beneficial for improving the reliability performance of a substation that has outage 
difficulties, but to address network security, the application of a R-SFCL is not the favourable 
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Chapter 1 Introduction 
Power systems play a significant role in supporting human welfare in modern society.  Electricity 
is now essential for daily activities and without it, human productivity would severely decrease 
and potentially stop. Therefore, the importance of delivering a continuous supply of electricity 
is heightened to ensure daily development is continuous. The deliverability of electricity through 
transmission and distribution networks require an uninterruptible flow of electricity to permit 
flow from supply to the load. 
A power system consists of various loads that are supplied through transmission and distribution 
lines and equipment, which are connected to power generating facilities. The components alone 
are not enough to deliver a continuous supply of electricity because of contingency events 
disconnecting the path between the supply and the load. Methods must be adopted so that the 
system reacts to the dynamic nature of the network, whether it be a fault or change in load 
demand. The system needs to maintain a continuous supply of electricity throughout the 
network. 
1.1 Scope of Thesis 
This thesis represents the feasibility of emerging technology into power system infrastructure. 
The innovation of technology enables new methods for addressing network issues, while trying 
to reduce capital expenditure to ensure that the remaining system is adequately rated. 
 
2 
The two drivers that initiated the investigation of this thesis are to address network security and 
improve the reliability performance. Network security is defined as the generation and secure 
delivery of electricity to supply the peak load while operating within a range of acceptable 
operational limits. Network security ensures that a power system can meet demands without 
exceeding power limits and ratings of supply equipment. The reliability of a substation is 
ensuring that there is sufficient generation and network capacity to supply the customer’s 
energy demand [1].  
The two substations selected for the study operate at 132/22 kV and are a part of the Australian 
Utility network. They are selected for the analysis of this thesis, as they both exhibit one of the 
characteristics identified previously. To resolve similar network issue’s at comparable 
substations, various methods have been approached and completed successfully in the past. 
However, with emerging technology, there are opportunities to explore new techniques that 
may be more effective both technically and economically. Techniques to address network issues 
have not always been black and white, with investigation to resolve one issue, another issue 
becomes apparent. An effective method needs to ensure that issues are resolved whilst 
maintaining that the system can safely operate under normal operation and contingency 
conditions. 
The discovery of high-temperature superconductors in 1986 [2] has enabled the opportunity to 
expose their intrinsic nature to reduce the levels of fault current in power systems. The 
superconductor’s properties of transitioning from an ideal conducting state into a highly 
resistive state are dependent on the protected line’s status. The superconductor’s behaviour 
does not require any external switching to insert the large resistance between the supply side 
and the load side in the event of a fault. Instead, the intrinsic nature of the superconductor 
automatically transitions from superconducting state into a highly resistive state, which the 
device is commonly referred to as a resistive superconductor fault current limiter, (R-SFCL). 
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Power systems in the event of a fault can potentially be exposed to dangerously high levels of 
current. Protective devices are installed to ensure that the power system is adequately 
protected from high levels of fault current. To address network issues with a selected method, 
there is a possibility that the power system’s fault level could also increase. The application of a 
R-SFCL is to facilitate a connection to protect equipment from the increase of fault levels and 
mitigate the capital expenditure required for network reinforcements. This analysis will be 
conducted to technically evaluate if effective current limitation can be achieved with a 
realistically sized R-SFCL unit. 
The issue with emerging technology is the high capital expenditure costs due to the early stages 
of development. This thesis additionally provides an economic analysis on the impact of a R-
SFCL, when compared against common network solutions that address the two identified 
network drivers. The economic analysis provides a comparison of options utilising a variety of 
industry used tools. Additionally, this analysis provides an assessment of the proposed works 
against traditional methods over an assessment period to determine which solution provides 
the best positive economic results.  
1.2 Thesis Objective 
The two main objectives to be achieved at the summation of this thesis are to: 
• Technically evaluate the functionality of an alternative method for fault current 
limitation; and 
• Evaluate the economic benefits of the interested device against common practices of 




Chapter 2 Fault Current Limiting 
 
2.1 Concepts 
A common method to reduce the fault levels in a system is to install a fault current limiter, (FCL) 
device. FCL devices are now available in various technologies of different material, and the 
design is generally unique to the installation location. However, they all exhibit the same 
objective of reducing the system’s fault levels. An FCL can be installed in series, in parallel or 
even magnetically coupled to reduce the magnitude of fault current to downstream 
components. FCL devices offer many advantages over the short and long-term that include [3]: 
• Prevent equipment damage; 
• Prevent equipment replacement; 
• Prevent voltage dips; 
• Prevent the splitting of buses; 
• Prevent the install of series reactors; 
• Prevent the need for bus-tie breakers; 
• Increased system reliability; and 
• Reduce the need to upgrade equipment with higher fault ratings. 
Many variations of fault current technology exist today and whilst objectively they achieve the 
same goal, their operating characteristics are slightly varied. The primary objectives that an ideal 
FCL will ideally exhibit include [4]: 
• Fast and effective operation; 
• Quick and automatic recovery; 
• Fail-safe and reliable operation; 
• Low AC loss and voltage drop; and 
 
5 
• Compact and lightweight. 
The primary objectives are categorised under the three operating stages [5], which provide a 
platform in order to analyse the effectiveness of the different FCLs. The three stages of operation 
are: 
• Normal operation; 
• Operation during the fault-limiting action (fault condition); and 
• Recovery period following a fault. 
Assessing the FCL devices behaviour within these operating stages, provides a consistent 
methodology to compare the devices against other similar technologies or more traditional 
solutions and how effective they are in meeting the desired objectives. 
Furthermore, several attributes can be used to measure the effectiveness of each FCL device 
type during the three stages of operation. These attributes, formulated in [5], are listed below: 
Table 1 - FCL Measurables 
System Losses: 
The electrical losses (W) of the device from both fault current and normal load current. 
Steady-State Impedance: 
The impedance introduced to the overall system, (Pre, during and post-fault). 
Triggering: 
The method of initiation to a fault. Two types of triggers are acknowledged: 
Active FCL – Sensors and control schemes used to initiate fault condition 
Passive FCL – Respond through changes in material Properties 
Recovery: 
The time required for the device to recover back to normal operating conditions. 
Size/Weight: 
The physical size and weight of the device. 
Distortion: 
The irregularities in the shape of the alternating current waveform that is introduced by 
switching electronics and any non-linear characteristics associated with the construct of 
the FCL device. The distortion is an issue with the following current during the limiting 






Metals, such as Aluminium and Copper are known to be good conductors of electricity. However, 
certain combinations of rare metal and alloys exhibit unique characteristics during low 
temperatures that result in a phenomenon referred to as ‘superconductivity’ [2] [6].  
At low sub-zero temperatures, a superconductor is able to provide a path of zero resistance for 
electricity, providing a lossless conduction of current. The superconductor’s behaviour is 
dependent on the critical current density (𝐽𝐶), critical temperature (𝑇𝑐) and critical magnetic field 
(𝐵𝑐) [2]. When all three parameters are within their critical value, the superconductor’s 
resistance is essentially zero. If the critical temperature is exceeded, the material “quenches” 
into a quenched, highly resistive state [5], which is also known as the Silsbee effect [6]. The 
quenched state is defined when the superconductor’s resistance exponentially increases to a 
high value [7]. The critical points of a superconductor are parameters unique to the system and 
are defined by the user for the system application. Figure 1 demonstrates the region of 
superconductivity as it is expressed in a three-dimensional space formed by the three critical 
values 𝐽𝐶  – 𝑇𝑐 – 𝐵𝑐 [6]. 
 




The region outside of the lines a-d-g (or critical parameters: TC, BC or JC), is where the electrical 
resistance of the element increases exponentially. This transition into the quenched state occurs 
very quickly, typically within the first half cycle of detection. Operating the superconductor 
outside of the critical parameters (TC, BC or JC), results in a non-linear change in the 
superconductor’s resistance. This resistance exponentially increases and restricts the flow of 
current through the superconductor. When the current travelling through the superconductor 
is reduced below its critical value, the material recovers back into superconductive state with 
the assistance of a cooling system. 
The cooling system helps maintain a subzero ambient operating temperature, which is defined 
as a cryogenic system [8]. This helps keep the temperature of the superconductor below TC and 
holds the structural integrity of the superconducting material [8].  
2.1.1.1  Development of Superconductors 
The first discovery of materials with superconductivity characteristics occurred in 1911 [2]. 
These superconductors were classified as low-temperature superconductors (LTS). LTS operate 
with superconductivity at an ambient temperature of around 4 K [9]. 
In order to sustain such extreme temperatures, the cryogenic system utilised liquefied helium 
gas, which enabled mercury to exhibit superconducting properties. To maintain LTS’s at such 
extreme temperatures results in very high operating costs, thus limiting the commercial 
advancement of superconductors. However, in the 1980s [2] after further research, the 
discovery of materials losing their superconductivity at high temperatures had revolutionised 
the advancement of superconductors. High-Temperature Superconductor’s (HTS’s) operate 
with an ambient temperature of 77 K and utilise liquid nitrogen (LN2) as the medium for cooling 
the superconductor. HTS’s proved to be more much more cost effective for practical 




2.1.1.1.1 First Generation (1G) 
The first generation (1G) of superconductors were made up of bismuth-strontium-calcium-
copper-oxide (BSCCO) using the compound bi-2223. The bi-2223 product was produced as a flat 
tape shape and having a maximum critical current density close to 23 kA/cm2 [10]. The BSCCO 
progressed into a bi-2212 wire and bulk model variances. Although the BSCCO wire’s current 
density could increase to over 200 kA/cm2 [10], it was realised that the market to construct these 
materials was not developing support for commercial viability and instead, bi-2212 bulk was 
more useful for FCL applications [10].  
Bi-2212 can be manufactured in the form of rings, pellets rods or even plates through two 
slightly different processes, partial melt processing (PMP) and melt cast processing (MCP) [10]. 
The product of PMP bi-2212 produces a good texture, which reduces the non-superconducting 
state resistivity and restricts the applicability for FCL applications [10].  Alternatively, the MCP 
bi-2212 provides a better combination of critical current density and quenched state resistivity 
[10]. Figure 2 demonstrates the physical differences between bi-2223 and bi-2212. The main 
reason for limited progression of 1G HTS’s was due to the high manufacturing costs [10]. 
 
Figure 2 - Bi-2223 bulk and bi-2212 wire [11] 
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2.1.1.1.2 Second Generation (2G) 
The second generation of HTS’s incorporates the use of a rare earth compound, commonly 
referred to as ReBCO (Rare earth, Barium-Copper-Oxide [12]). A common rare earth compound 
that is used today is yttrium, producing yttrium-barium-copper-oxide (YBCO) being used in the 
development of 2G superconductors. The construction of 2G HTS’s is similar to 1G HTS but uses 
far less superconducting material. The YBCO material is deposited on an epitaxial thin film on a 
flexible biaxial substrate that minimises any restriction to current flow [10]. This thin film 
provides greater installation flexibility than the 1G HTS’s. 
The superconductor tape is prepared in widths. This defines the cables current capacity as 
amperage per width as a performance metric. The 2G tape typically ranges between 735-803 
A/cm-width, in comparison to 1G HTS’s which were around 500 A/cm-width [10]. Another 
benefit with 2G HTS is that the FCL functionality can be incorporated into the cable itself [13]. 
The ability to integrate the HTS material into a cable reduces the cost of installations, which is 
evident through an installation between two substations in New York to limit high fault level 
exposure [14].  
 
Figure 3 - 2G tape [15] 
American Superconductor (AMSC) begun production of the 2G HTS cables [13], with a current 
installed capacity of 500 km of cable per year (2009) [10]. The method for manufacturing 2G HTS 
is that it is designed to be inherently low cost so that the final product can be tailored for any 
specific application. AMSC’s factory utilises the ‘wide-strip’ manufacturing process and produces 




Figure 4 - 2G 4 cm tape slit into 3 mm wide wire [10] 
 
2.1.1.2 Fault Current Limiting Types 
Superconductors exhibit characteristics that allow them to automatically respond to fault 
currents and operate with negligible losses during normal operation, which has made them 
highly attractive to be used in FCL devices. 
During a fault condition the superconductor’s temperature rises exponentially, and if it reaches 
its critical level, it falls out of its superconductivity state and becomes a very high impedance 
path to the system. This high level of impedance restricts the flow of current and can potentially 
protect downstream equipment from harmful levels of fault energy.  
To date, the use of superconductors as FCL’s on a commercial level has been limited. This is 
mainly due to a combination of high manufacturing costs associated with producing large 
lengths of the superconducting material along with the complexity and operating costs of the 
associated cryogenic system. These hurdles have led to alternative SFCL models and they are 
categorised under three types: resistive, inductive and hybrid.  
2.1.1.2.1 Resistive SFCL (R-SFCL) 
The R-SFCL utilises the resistive properties of a superconductor that result once a critical value 
(IC), has been exceeded. R-SFCL’s comprise of a superconducting element (RSC), a shunt 
(𝑅𝑆𝐻𝑈𝑁𝑇/𝐿𝑆𝐻𝑈𝑁𝑇) component and a cryogenic system that surrounds RSC. Figure 5 illustrates a 
simple single line diagram of the device. The device essentially acts as a variable resistor with a 




Figure 5 - Single line of R-SFCL 
During normal operation, where the line current (ILINE) is less than the superconductor’s critical 
level (Ic), the superconductor operates within its superconducting state with and effectively 
resistance of zero (Rsc ~ 0 ohms). As a fault occurs, the line current (ILINE) begins to increase 
rapidly such that it exceeds the critical value IC, the superconductor quenches and goes into the 
quenched state. As there is a direct relationship between current and temperature, the 
temperature of RSC begins to increase, and the shunt provides the bypass to prevent degradation 
to RSC. The high impedance inserted by RSC restricts the flow of current protecting downstream 
equipment and allowing conventional breakers to correctly operate. Once the fault is cleared, 
the cryogenic system cools the superconductor RSC, back to 77 K and the material reverts into 
its superconductivity state. 
The design and materials used in R-SFCL’s result in the device being comparably compact and 
providing greater system stability than other SFCL’s [16]. The benefit of having a simplistic design 
is that the size and weight of the device reduces the cost of manufacturing, in addition to less 
components reducing the risk of failure.  
Earlier designs of the R-SFCL devices resulted in “hot spots” [5] along the superconductor during 
the quenched state. These issues are prevented with a shunt layer of metal wrapped around or 
on top of the superconductor, which provides a driving force for the faulted current and 
simultaneously quenches the superconductor, maintaining the expected service life and correct 
operation of the superconductor [17]. 
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2.1.1.2.2 Inductive SFCL (I-SFCL) 
Another type of SFCL is the inductive SFCL (I-SFCL) model. The key difference with the design of 
an I-SFCL device is that the superconductor is designed to operate together with an iron core. 
The iron core magnetically couples the AC line to the superconductor. There are two types of I-
SFCL’s, namely the shielded core and saturable-core. The two options both rely on passive 
triggering, which utilises the physical properties of the superconductor to transition between 
states. 
2.1.1.2.2.1 Shielded Core 
The shielded iron core utilises the resistive properties of the superconductor, but instead of 
being installed in series with the protective line, it is magnetically coupled to the AC line. This 
device is made up of an iron core and the superconductor, which is constructed to be cooled by 
the cryogenic system. The iron core, essentially a transformer has its secondary side short-
circuited by the superconducting element. A single line of the device is illustrated in Figure 6. 
 
Figure 6 - Single Line of Shielded core SFCL 
During normal conditions, the HTS is in its superconducting state, which has effectively zero 
resistivity and the device emits zero inductance on the protected line. When a fault occurs, the 
current in the secondary winding rises until the critical level, IC, has been exceeded. At this point, 
the HTS element quenches and becomes highly resistive. The highly resistive secondary side 
increases the inductance of the shielded core, which produces a voltage drop across the primary 
coil [9]. The resulting voltage drop opposes the current flowing through and protects the 
downstream components. Once the fault has been cleared, the HTS element temperature is 





One of the main benefits of the shielded iron core type is that due to the superconductor being 
connected to the secondary side, the number of turns can be optimised to reduce the length of 
superconducting material, drastically decreasing manufacturing costs. Additionally, reduced 
superconductor lengths significantly reduces the volume of liquid nitrogen required in the 
cryogenic system leading to lower costs [18]. This design is also advantageous when an internal 
superconductor fault occurs, as the remaining system can remain online unaffected, whereas 
the R-SFCL will need large breakers to create a bypass [18]. However, due to the iron core design 
it creates a highly inductive behaviour onto the system, which can be undesirable. Additionally, 
the footprint and weight of the device is significant [9]. An illustration of the construct is shown 
in Figure 7. 
 
Figure 7 - Single phase construct of the Shielded Core SFCL [18] 
 
2.1.1.2.2.2 Saturable-core (DC bias core) 
Another type of I-SFCL device is the saturable core type. The device is comprised of two iron 
cores, a superconductor and a DC supply, as shown in Figure 8. The protected line (AC windings) 
are connected in series and are wound around a column of each iron core, and the 




Figure 8 - Schematic of a Saturable core SFCL [19] 
The difference between the saturable-core SFCL and the shielded core is that the saturable-core 
does not rely on the quenching properties of the material as it utilises the magnetic properties 
of the iron core to change the inductance on the AC windings [20].  
In normal conditions, the DC supply is adjusted to provide an excitation that deeply saturates 
the iron core. This deep saturation causes low flux variations and low voltage drops across the 
AC coils, emitting low losses during normal conditions.  
Under fault conditions, the current in primary coil (IAC) is larger than IDC (current in 
superconductor), and as a result, the larger current in the AC coils demagnetises the iron core, 
driving it out of saturation. The relative permeability of the iron core decreases to zero which 
increases the impedance on the AC coils.  
Once the fault is cleared and current in the AC windings (IAC), is below the current in the DC 
windings (IDC), the device immediately returns to the superconducting state. The desaturation 
of the core occurs when IAC exceeds IDC, and because of the AC grid, the core experiences fast 
cycling of saturation and desaturation. 
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As saturable core type SFCL devices do not require the superconductor to quench, the device is 
immediately recovered once the fault has been cleared [21]. Another feature of the saturable 
core is that the superconductor is not exposed directly to the fault current, which prolongs the 
life of the superconductor. However, driving the iron core into and out of saturation at a fast 
rate (i.e. 100 times a second), harmonics are produced on the current waveform [5]. 
Additionally, the need for two iron cores to produce the positive and negative side of the AC 
waveform increases the size and volume of the device substantially [5]. 
2.1.1.2.3 Hybrid SFCL 
The hybrid device combines the superconducting element in a way that doesn’t directly limit the 
current but rather utilises it as a sensor. The hybrid device comprises of a superconductor, 
coupled with a driving coil that actuates fast acting switches with a Current Limiting Reactor 
(CLR) to limit fault current. A single line diagram of a hybrid type SFCL is illustrated in Figure 9. 
 
 
Figure 9 - Single line of a Hybrid SFCL [22] 
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Under normal conditions the switch, SWa is open and switch, SWb is closed to provide a path for 
the current. Like other types, losses during the superconducting state are negligible. When a 
fault occurs, the HTS element begins to transition, and some of the faulted current will pass 
through the driving coil, id. The current through the driving coil applies a force to the 
electromagnetic repulsion plate, (ERP) which moves inside a vacuum interrupter [22] breaking 
switch SWb contact and making the switch, SWa, contact, thus diverting the fault current into the 
current limiting reactor, (CLR). The benefit of this design is that the superconductor does not 
completely quench, thus limiting the temperature rise on the conductor. As a result, once the 
fault is cleared the superconductor is essentially ready for immediate operation with the aid of 
the cryogenic system once SWb contact has been broken. 
The hybrid device offers advantages in production, installation and operating costs due to the 
above design characteristics. With the superconductor being used as a sensor only, less HTS 
material is required resulting in lower manufacturing costs. The benefits also associated to using 
hybrid switching is that the system application is only restricted by the rating of the switchgear 
[23]. Additionally, the smaller lengths of HTS element decreases the burden of the cryogenic 
system and therefore reducing the lifetime operational costs. 
2.1.2 Non-superconducting Fault Current Limiters 
Fault current limiting technologies also exist without the use of superconductor materials. The 
diode bridge uses power electronics to limit fault currents. The diode bridge FCL is comprised of 
three single-phase transformers, diodes, an inductor (Ldc), an Insulated Gate Bipolar Transistor 
(IGBT), a DC supply (Vdc), a shunt resistor (R) and a copper coil magnet (rd) which is illustrated by 




Figure 10 - Single line diagram of Diode bridge FCL [24] 
Operating under normal conditions, the IGBT is on and the diode bridge rectifies the AC signal 
into a DC signal, denoted Idc [25]. During normal conditions, the IGBT is on short-circuiting R, and 
Vdc is set to define the critical current (IC) such that IDC is less than IC. When a fault occurs and IDC 
exceeds IC, the IGBT switches off with the resistance R, added into the circuit. The current then 
flows through the shunt resistive element (R) which results in the current being limited. LDC 
protects the semiconductors from an abrupt rise in IDC allowing the control scheme to operate 
within safe levels of the fault current. Once the fault has been cleared, the control circuit senses 
the decrease in idc, turns the IGBT on and reverts into normal operation. 
A diode bridge FCL was used in a simulation study conducted to understand the effect on 
network stability [25]. The diode bridge demonstrated effective current limitation with a 
reduction factor (reduction factor = 
𝐼𝑠𝑐
𝐼𝐿𝐼𝑀
) of approximately 8 for the first cycle peak. 
Furthermore, generators maintained their stability during the simulation. Rotor speeds and the 
angle were constrained to within tolerances and they were able to resume normal conditions 




Figure 11 - (A) Generator current without Diode Bridge (B) Fault current with Diode 
Bridge [24] 
One of the major drawbacks of using semiconductors as an FCL is that these components are 
constantly on, consuming power. Furthermore, IGBT’s have been known to be susceptible to 
randomised failure due to defects created in the manufacturing process or by human error [26].  
Although the diode bridge FCL design and construction is relatively simple, the widespread 
application of diode bridge FCL’s has not occurred. The highest known rating for an IGBT was for 
a 15 kV system, but it is still in the R&D phases and at this stage is cost prohibitive [27].  
2.1.3 Summary 
Table 2 provides a relative comparison against fault current limiting devices and their individual 
operating characteristics. 
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2.2 Field Applications 
A number of R&D and Utility network applications have been undertaken to investigate the 
effects of installing a purely resistive SFCL in distribution networks. These include several 
successful implementations, of which, some are described in greater detail below. 
2.2.1 CURL10 
The CURL 10 (Current resistive limiter 10 kV) project involved the installation of an MCP bi-2212 
as an R-SFCL into the grid in 2004, coupling two 10 kV busbars in a German network [28]. The 
site had a short circuit power rating of 125 MVA with fault currents expected to be between 
2.75 kARMS and 7 kARMS.  
Early simulations identified ‘hot spot’ issues, which were the result of manufacturing defects 
that caused inconsistencies to the critical current density along the material. A shunt was 
manufactured and designed to alleviate these issues and from [28], with the best performing 
shunt material being Cu-Ni. Subsequent lab testing confirmed fault currents could be quenched 
from 17.2 kA to 7.3 kA [28].  
 
Figure 12 - CURL 10 R-SFCL unit with the cryogenic system [29] 
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The device was decommissioned in March 2005 without any three-phase fault activity during its 
installation. A single phase fault was recorded in November 2014 [10], but due to insignificant 
levels of fault current, no quenching occurred and conventional protective methods interrupted 
the current at the respective site. At the time of decommissioning, a comparison of AC losses 
over the operation of the device was undertaken, highlighting that the superconductor 
experienced no further degradation that impacted its functionality [10].  
2.2.2 Italian Superconductor 
An Italian company, RSE (Ricerca sul Sistema Energitco S.p.A. [30]) in March 2012 installed a 9 
kV/3.4 MVA R-SFCL using the bi-2223 superconductor material [31]. After two years without 
fault activity, a decision was made to conduct a real grid three-phase short circuit on the 
protected feeder, as illustrated in Figure 13. 
 
Figure 13 - Single line diagram of the Milan network [32] 
A short circuit fault was conducted on 17th May in 2014, lasting for 70 ms. Figure 14 displays the 
prospective short circuit current without the R-SFCL (ISC) compared to the limited current with 




Figure 14 - Waveform of fault current and limited current at Milan substation [32] 
The live grid test proved a great success with the device limiting the current with a reduction 
factor of 1.91, 2.14 and 1.76 for each of the successive peaks. Figure 16 illustrates the 
temperature increase of the element and the resistance during the faulted condition. This graph 
highlights the operating characteristic of an R-SFCL, which has a critical current, IC, threshold of 
180 A. 
 
Figure 15 - Resistance and temperature of Superconductor during test [32] 
The testing demonstrated the effectiveness of the device in reducing fault currents within the 
rated values of downstream protective devices, as well as limiting temperature rises so that 
cables and equipment did not exceed their thermal limits.  
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2.2.3 Icheon substation 
Korea, LS Industrial Systems Co. Ltd (LSIS) and the Korea Electric power research institute (KEPRI) 
were in collaboration for the design and development of a 2G hybrid 22.9 kV FCL, which is 
illustrated in Figure 16. It was installed to protect an in-service distribution feeder in 2009 [33]. 
The HTS operating temperature was 76.5 K, with a critical current of 700 A [33]. This project 
aimed to test the coordination and behaviour of a hybrid FCL with conventional protective 
devices. 
 
Figure 16 - Circuit diagram of the Hybrid system [34] 
The initial approach to minimise the cost and the footprint of the device focused on reducing 
the amount of HTS material. The original design involved limiting the fault current within the 
second half cycle, but later, this identified the inability to sustain large fault current [34]. The 
design was subsequently amended, with the fault quenching performance illustrated in Figure 
17. 
 
Figure 17 - Short circuit test of modified hybrid SFCL [34] 
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During the first 12 months of operation, the system was exposed to four outages, with one of 
the longer outages lasting up to 30 minutes. This outage caused the cooling system to cease 
operation, and the HTS’s temperature increased to 79.1 K. Once supply was restored, it took 114 
minutes to recover back to 76.5 K and resume superconductivity. To maintain an ambient 
temperature of 76.5 K an algorithm was developed in [35] that released helium gas into the 
cryogenic system in a controlled manner. This developed algorithm was successful and allowed 
the device to remain on immediate standby for up to 4 hours. 
Power losses were also tested during this installation. Over a one-month period, losses totalled 
approximately 13.3 kW accounting for all components including the cryogenic system [33]. For 
the 12-month period, the total consumption was 117,000 kWh, which equates to AUD 8,500 
[33]. Although operating costs are relatively high, they are small in comparison to equipment 
upgrade costs.  
Lastly, the coordination of the hybrid SFCL device with conventional protection schemes was 
investigated, using an artificial fault generator (AFG) with the focus on the reclosing capability 
of a recloser [33]. A single line diagram of the device and AFG are illustrated in Figure 18.  
 
Figure 18 - Single line diagram of testing and location of AFG [33] 
Figure 19(A) illustrates the initial network fault response and the subsequent recloser attempt 
(B). The results show that the initial fault was not quenched until the third peak, which is where 
the voltage increased across the SFCL. The HTS element was able to recover from the initial fault 
and quench correctly in the second fault, as it demonstrated current limitation in (B), 




Figure 19 - (A) Initial fault (B) Reclose of the isolator with existing fault [33] 
This testing provides a foundation to integrate existing protective schemes and SFCL devices, 
which will increase the ability to apply SFCL devices in future applications. 
 
Figure 20 - Installed hybrid unit [33] and the internal structure [36] 
2.3 Commercially Available 
The number of commercially available SFCL devices available are limited at this stage. The 
Vendors and their range of available devices are summarised in Table 3. 
Table 3 - Vendors of R-SFCL 
 
Super Ox  
(MV/HV) 
Nexans SuperPower Applied 
Materials 
Voltage 4 - 220 kV < 36 kV 12 - 138 kV 11 - 400 kV 
Continuous 
Load < 5 kA / < 2 kA < 4 kA < 2.3 kA < 3.5 kA 
Limited  
Current 
[1 - 7 kA] / [2 - 
5 kA] 
- 9.5 - 40 kA 
Up to 60% 
reduction 
Footprint [800 x 800 x 
1100] mm /  
[3600 x 1760 x 
3850] mm 
- 2m2 / 20m2 
[1800mm x 







Chapter 3 Thesis Study 
To investigate a real-life application of a R-SFCL device, two zone substations were selected to 
perform technical and economic assessments. The unique characteristics of these zone 
substations in terms of their current load profile, future forecasting, existing fault levels and 
equipment fault rating, is the opportunity to provide a realistic evaluation to determine whether 
a R-SFCL device could be utilised to address certain network limitations. Each of the zone 
substations represent a case: Case A and B. The substations are completely independent to one 
another, with testing to technically and economically analyse a R-SFCL within today’s network. 
The cases will test the effectiveness of fault current limitation, with the focus involving an 
economic assessment against traditional network options to address each of the network 
drivers. 
3.1 Short-circuit Analysis 
Short-circuit simulations have been performed with the R-SFCL device in the two selected zone 
substations. The simulations assume that the critical current of the superconductor has been 
exceeded and has completely transitioned into its highly resistive state, which will be referred 
to as the quenched state from here on. The step change of the R-SFCL is illustrated in Figure 21. 
The quenched state is defined as when a critical current, temperature or magnetic field (Section 
2.1.1) has lost its superconductivity and has become highly resistive [37]. The analysis 
investigates the current after the transients have settled, which is when the superconductor has 
lost its superconductivity. For the purpose of this paper, this will be referred to as the ‘steady-
state’. In addition, the instantaneous peak current has been investigated. The focus of the 
simulations is to determine the fault levels during the steady-state period, with the system’s 
behaviour in the sub-transient time domain being discounted from these simulations. 
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The analysis will be conducted through a DigSilent software package, called Powerfactory. The 
purpose of Powerfactory is detailed in Section 3.3. 
  
Figure 21 - Step change in Resistance of Superconductor 
3.2 Model Development 
The R-SFCL was designed from testing the system with the proposed augmentation without the 
R-SFCL device. The R-SFCL modelled parameters were designed from the steps defined from 
Applied Materials [38]. Applied Materials define the R-SFCL unit as a superconductor in parallel 
with a shunt. Similar to the reasons discussed in Section 2.2.2, the purpose of a shunt path is to 
‘quench’ the fault current to levels that are more manageable from a network equipment rating 
perspective. The shunt provides other benefits that include alleviating ‘hot-spots’ in the 
superconductor and mitigates component failure. The inputs required to calculate the 
parameters of the shunt are in Table 4 [38]. 
  









Table 4 - Input data for shunt 
RMS Line System Voltage (kV) 𝑽𝒍𝒊𝒏𝒆 
RMS System Load Current (kA) 𝐼𝑙𝑜𝑎𝑑 
RMS Prospective Fault Current (kA) 𝐼𝑝𝑟𝑜𝑠 
RMS Limited Fault Current (kA)  𝐼𝑙𝑖𝑚 




System Frequency (Hz) 50 
 
Table 4 highlights the system input parameters which are used together with the formulas 
shown in Table 5 [38] to calculate the shunt path values for modelling. 
Table 5 - Shunt Calculations 


















𝑍𝑠ℎ𝑢𝑛𝑡 =  𝑍𝑠𝑦𝑠 − 𝑍𝑙𝑖𝑚 
Shunt Reactance 
(ohms) 















To calculate the resistance of the superconductor in the quenched state, Applied Materials 
defined it to be the multiple of 𝑋𝑠ℎ𝑢𝑛𝑡 by a constant factor 𝑘𝑟, which was suggested between 3 
– 5 [38]. 
 
28 
However, when designing the values of the R-SFCL and its shunt path, testing of different 𝑘𝑟 
values, it became apparent that the fault current was saturating above a 𝑘𝑟 of √2. Instead, this 
value was used to calculate the quenched resistance of the superconductor, combined with the 
shunt’s impedance would give the R-SFCL’s overall impedance. 
3.3 Modelling Tools 
To analyse the technical and economic impacts of installing the R-SFCL in the two zone 
substations, various tools were to perform the short-circuit analysis and assess the economic 
benefits. The tools summarised in Table 6 are used for the assessment of both scenarios.   





PowerFactory will be used for performing the short-circuit 
simulations for each case application. The output data use 
includes the short-circuit levels, both peak and steady state. 
Vista Tool Vista tool is an internal use spreadsheet that utilises the 
short-circuit data extracted from PowerFactory. The Vista 
tool evaluates the sub-transmission and distribution 
protection design to ensure all equipment are adequately 
fault rated. The tool evaluates the volume of under fault 
rated (UFR) conductors within that network.  
Building Block  
estimate (BBE) 
tool 
The building block is an internal use cost estimating 
spreadsheet tool. This tool is used to build cost estimates 






The IEM tool is an internal use economic evaluation tool that 
calculates the Net Present Cost (NPC) of the options that are 
cost estimated from the BBE tool. This evaluation includes 
CAPEX and the OPEX for the lifecycle of equipment in each 
case. This tool is a justification tool that compares the cost 




3.3.1 Technology maturity 
The economic analysis will compare the costing of traditional network options against the 
proposed works with the R-SFCL. Costings of traditional network options are considered mature, 
and as a result there is a negligible reduction in capital expenditure costs over time. 
Conversely, the R-SFCL unit being primarily made up of a superconductor, which is in the early 
stages of commercialisation. The current market for superconductors in the Asia-Pacific is valued 
at $1,528.95 M [40], with the potential to double by 2026. The increased demand for these 
devices over time are expected to lead to a reduction to capital costs as the technology is further 
refined and moves to much higher production levels. 
The economic analysis of the R-SFCL is assessed over a 25-year period with the current estimated 
prices. However, using a technology cost curve derived from [41] [42], the economic assessment 
was also carried out considering the superconductor technology is in its early stages of maturity 
with respect to cost. 
The maturity cost curve will affect the capital cost for the R-SFCL unit however, the 
superconductor is a portion of the R-SFCL unit, so the maturity cost curve will only affect that 
portion of the capital cost. The superconductor is assumed to make up 80% of the total cost of 
the R-SFCL. The maturity cost curve uses the data illustrated in Figure 22. 
 























3.4 Application - Case A 
The scenario for case A is aimed at addressing future N-1 network security limitation at an urban 
substation. N-1 network security refers to the ability to supply peak demand and maintain the 
performance of the network (with respect to voltage and frequency) within defined operating 
limits [39], following a credible contingency. In the case of a substation, the loss of a power 
transformer is deemed as the most common credible contingency. 
To accommodate forecast peak demand growth, the following network options are typically 
used by utilities: 
• Installation of additional transformer capacity; 
• Upgrade existing transformers to a higher capacity to accommodate for loads; and 
• Permanently offload the substation via new distribution connections to neighbouring 
substations. 
The most cost-effective option that provides the greatest long-term benefit is typically selected 
to address these issues. Some issues that are considered when trying to justify these options 
include: 
• Offloading some of the customers onto nearby substations would only be possible if 
those neighbouring substations have spare capacity to accommodate the offload 
• Installation of a third transformer, which usually requires a large unoccupied area to 
allow for civil works and placement of the transformer and associating switchgear. 
Substations can have space limitations (especially older substations) and 
accommodating an additional transformer will usually require the purchase of 
additional land, which may not be cost prohibitive. The installation of a third 
transformer also may represent underutilisation of an asset when the capacity shortfall 
is only minor. 
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3.4.1 Substation A characteristics 
Substation A is a 132/22 kV urban zone substation situated in the metropolitan area. The 
substation distributes power to customers via two supply transformers that are both rated to 
33 MVA each. The two transformers supply eight feeders (four per transformer), that distribute 
power to 24,585 customers across nearly 460 km of distribution equipment.  
Substation A is classified as a zone substation, which defines the boundary between the 
transmission system and sub transmission network [43]. This zone substation must be designed 
according to the Normal Cyclic Rating, (NCR) criterion (Appendix A.1). A substation’s planned 
capacity is calculated based on the NCR criteria. The NCR planning capacity is equivalent to or 
less than 75% of the total power transfer capacity [43]. For example, the NCR planning capacity 
of Substation A is as follows: 
75% ×  (2 × 33 𝑀𝑉𝐴)  = 49.5 𝑀𝑉𝐴 
(  1  ) 
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Figure 23 - Substation A: Single line diagram 
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The load duration curve is for Substation A is illustrated in Figure 24. It is constructed from the 
2017 actual demand data. The load demand is represented as a percentage of loading (blue line) 
and the substation’s planning capacity is also plotted (orange dashed line). The peak load level 
is at ~ 46 MVA, which accounts for 0.01% of the year (~ 88 hours).  
 
Figure 24 - Substation A: 2017 Load Duration Curve 
  
Although the current load demand is sufficient with the substation’s capacity, Substation A is 
forecast to experience a capacity shortfall by around 2021, explained in Section 3.4.3.1.2. The 
capacity shortfall is defined as the difference between power supply available and the demand, 
when the demand is greater than the power generation. 
3.4.2 Proposed works 
As previously discussed, there are a number of options to address network security limitations. 
However, the proposal in Case A involves the installation of a synchronous generator onto bus 
A1 to reduce the peak demand for the substation to be at or below the planning capacity by 
offsetting the power through transformer T1. This option will be compared against the 
installation of an additional (3rd) power transformer at the substation to meet the forecast 
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The substation is forecasted to exceed its planning capacity in the coming years, which is 
discussed in detail in Section 3.4.3.1.2. The current peak demand of Substation A is equivalent 
to 93% of its maximum planning capacity. The generator will be controlled to only come online 
when the substation becomes overloaded, which is commonly referred to as peak-lopping. 
Although a peak-lopping generator can offset the future capacity shortfall, a synchronous 
machine will adversely increase network fault levels. Sensitivity studies will be performed across 
generator sizes of 1 MVA to 10 MVA to determine the fault level impact to the distribution 
network equipment.  
To minimise the fault level impacts, this case application will investigate the installation of a R-
SFCL device in series with the generator. The R-SFCL’s primary function is to reduce fault levels 
on the distribution network to within tolerable levels to ensure existing protection schemes 
remain operable and upgrading the network with higher fault rated equipment is minimised. 
The design of a R-SFCL is typically bespoke to the installation location, as the design and 
construction is dependent on the desired level of fault reduction. A range of testing was 
performed to determine an optimal sized R-SFCL device that will facilitate the connection of 
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Figure 25 - Substation A: Single line diagram – Proposed works 
It is important to note that the network security issue on Substation A is heightened due to the 
volume of critical customers that are fed from both T1 and T2 transformers. Critical customers 
are categorised as those who rely on the supply of electricity for life support equipment which 
may have limited backup supply, such as dialysis machines. Table 7 provides a summary of 
critical customers that are fed from the substation. T1 accounts for 73 of the total 93 customers, 






















3.4.3 Study Methodology and Assumptions 
3.4.3.1 Key Modelling Assumptions 
The following sections describe some of the key assumptions made through the testing of Case 
A. 
3.4.3.1.1 Under Fault Rated Conductors 
To evaluate the volume of UFR conductors, the Vista tool mentioned has been used, as discussed 
in Section 3.3. The existing distribution network supplied via Substation A has 0 km of volume of 
UFR conductors. This is defined as the base case.  
Based on the requirements covered in Appendix A.2, conductors are not to exceed 95% of their 
fault rating capacity for the maximum calculated fault level at that point. To determine the fault 
level impact to the existing distribution network, this criterion will be used throughout the 
development of Case A. 
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Typical network options for conductors that become under fault rated include the modification 
of protection settings, new protective devices and upgrading the network to higher fault rated 
conductors. Optimisation across these options are not in the scope of this paper. Instead, a 
sample of recent projects were used to determine an average cost to remediate any under fault 
rated conductors identified. The average cost calculated from the recent projects, works out to 
$209,574.50/km.  This value was carried through for the purpose of analysing the impact of the 
R-SFCL unit. 
3.4.3.1.2 Substation Forecasting 
The purpose of installing a peak-lopping generator is to offset the shortfall of capacity by 
reducing the delivery of energy through the substation’s transformers. Although Substation A is 
currently operating within its limits, the forecasting model predicts that the substation will 
exceed its planning capacity. Substation A’s peak demand forecast up to 2042 is illustrated in 
Figure 26, with fourth year intervals captured in Table 8. 
 
Figure 26 - Substation A: Load Forecast until 2042 
 
Table 8 - Substation A: Discrete Points of Load Forecast 
Year 2009 2013 2017 2021 2025 2029 2033 2037 2041 










































































































































































It is evident that from the year from the year 2020 onwards, the substation planning capacity 
has been exceeded. From 2020 onwards, reinforcement works are required to accommodate 
the future peak demand. As previously discussed, the traditional network solution is limited to 
the installation of additional transformer capacity. However, the focus of this paper is to perform 
an economic comparison between an additional transformer and the connection of a 
synchronous generator (with a series connected R-SFCL device) for peak-lopping. Due to the 
peak demand forecast not extending beyond 2042, the analysis for the device is limited to a 25-
year period. 
The years following 2017, similarly will assume to follow the profile of the 2017 LDC curve (Figure 
24). The future forecast peak demand levels are scaled to follow the profile of the 2017 LDC 
curve. The year 2027’s LDC curve is graphed in Figure 27. 
 
Figure 27 - Substation A: 2027 Predicted Load Duration Curve 
The forecast peak demand levels together with the subsequent years’ LDC profile will be used 
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3.4.3.1.3 Network Components 
3.4.3.1.3.1 Step-up Transformer 
The 11 kV/22 kV step-up transformer that connects the synchronous machine to the 22 kV 
distribution network is modelled based on an existing type in an internal library. The step-up 
transformer’s capacity is sized to match the generator output. The data for the step-up 
transformer is illustrated in Figure 28. All parameters were kept constant during modelling 
except for the rated power, which was adjusted between 1 MVA to 10 MVA. 
 
Figure 28 - Substation A: Step-up Transformer Configuration – Basic Data 
For the purpose of the costing analysis, the step-up transformer is inclusive of the synchronous 
generator costing. 
3.4.3.1.3.2 Synchronous Generator 
The synchronous generator output will be incrementally stepped from 1 MVA to 10 MVA and 
are modelled from an internal library. The synchronous generator will operate with a constant 
power factor of 0.8. The X/R ratio (reactance over resistance) of the generator will remain 
constant through each iteration. The generator’s technical parameters (i.e. synchronous 
reactance, power limits, zero-sequence data and short circuit parameters) in each iteration are 
kept constant through testing. The configuration for the generators are provided in Figure 29, 




Figure 29 - Substation A: Synchronous Generator Configuration - Basic Data 
 
Figure 30 - Substation A: Synchronous Generator - Load flow 
 
Figure 31 - Substation A: Synchronous Generator - Complete Short-Circuit 
 
40 
The costing for the economic analysis of the synchronous generator was based on a number of 
similar researched installations from the following [44] [45]. The references mentioned provided 
detailed costs for different sized diesel generation facilities. These values were escalated into 
2018 Australian Dollar (AUD), with the capital costs normalised into a $/MW value and then 
further adjusted to take into consideration economies of scale for installations between 1 MVA 
and 10 MVA. The costs account for an entire facility, which consists of the primary (i.e. step-up 
transformer, switchgear) and secondary (protection, relays, SCADA/Comms) plant, which is 
shown in Table 9. 
Table 9 - Substation A: Generator Facility Costs 












3.4.3.2 Operating Expenditure 
The operating expenditure defines the maintenance costs of each option, which is inclusive of 
operating (running) costs and the energy consumption. 
The IEM tool assumes a flat rate of 3.42% of the total capital under each of the network options. 
However, the R-SFCL device is expected to have higher operating costs than most network 
assets, due to the cryogenic cooling system. A number of references were used to determine 
the increased power operating costs due to the relatively high-power consumption [46] [47]. 
Based on these references, the maintenance of the cryogenic system as well as energy 
consumption was approximated and is defined as 2%. As a result, the total operating expenses 
for the entire R-SFCL device was increased by 2% to a total value of 5.42%.  
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3.4.3.3 Study Methodology 
The study methodology is broken up into two sections, a technical and an economic assessment. 
The technical part focuses on the design and sizing of the R-SFCL unit, while the economic 
analysis investigates a comparison of the net present costs between a traditional solution 
(limited to the installation of an additional power transformer) and a peak-lopping generation 
option that is combined with a series connected R-SFCL device.  
3.4.3.3.1 Technical  
From the proposed works outlined in Section 3.4.2, the trade-off using a peak-lopping generator 
to address the capacity shortfall is the increase to fault levels on the network. The potential fault 
current levels need to be evaluated to make sure that the design of the R-SFCL adequately 
reduces the fault level to more manageable levels and avoids any catastrophic failure to network 
assets. The simulation testing will ensure that an optimised R-SFCL unit is designed primarily to 
address the security issue, whilst reducing the fault level contribution from the generator. The 
R-SFCL which will be installed in series between the generator and A1, such that it will maintain 
the fault levels to a manageable level and so that the existing protection schemes design is not 
compromised. Once the R-SFCL unit design is finalised, the network and protection design 
impacts will be evaluated. In addition, the economic analysis of the unit will be carried out to 
investigate if this is a competitive solution against traditional network options in addressing 
substation capacity shortfall.  
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Preliminary testing was initially conducted to understand the impact of additional generation on 
the fault current levels. The preliminary testing was conducted with the generator facility 
connected to A1 without the R-SFCL device. The generator was stepped incrementally from 1 
MVA to 10 MVA, and this enabled the evaluation of the system’s potential fault current, which 
is critical for the design of the R-SFCL unit. The value of interest at this point is the steady-state 
fault current that the generator contributes to A1. With the fault level data accumulated across 
all generator facilities, the Vista tool was used to analyse the results. The Vista tool was used to 
calculate if any of the existing conductors became under fault rated.  
The following provides the first step in the design process of the R-SFCL unit, which is outlined 
in Section 3.2. The results from the Vista analysis identified which generator caused the largest 
volume of UFR conductors. The generator with the greatest significant step change in creating 
under fault rated conductors, defines what fault current level, 𝐼𝑙𝑖𝑚 should be constrained lesser 
than. For simplicity, the smaller preceding sized generator’s fault current was selected to define 
𝐼𝑙𝑖𝑚; this is a critical component for designing the shunt within the R-SFCL unit.  
Ideally 𝐼𝑙𝑖𝑚 would be defined sufficiently small enough so that the volume of UFR conductors 
were 0 km however, the sizing of the R-SFCL unit would be unrealistic. Instead, the sizing of the 
shunt was designed based on the objective of minimising the volume of UFR conductors to the 
point in which a step increase in under fault rated conductors was noted.  
The next stage involved modelling different sized peak lopping generators onto A1, each with 
varying fault level contribution to the network, previously noted as 𝐼𝑝𝑟𝑜𝑠. The various levels of 
𝐼𝑝𝑟𝑜𝑠 influenced the design of the shunt and the superconductor. From the methodology section 
(Section 3.2), various designs of the R-SFCL unit are calculated and then analysed for the purpose 
of realisation. The two components, shunt and the superconductor, connected in parallel will 
have an equivalent impedance, which will be verified upon completion on the following step. 
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To verify the selection of 𝐼𝑝𝑟𝑜𝑠, additional testing was conducted to investigate the behaviour of 
the network for various levels of equivalent impedance. The purpose of this step was to 
understand if the system’s fault current was effectively reduced by the R-SFCL and if a saturation 
point was reached as the impedance was increased. The R-SFCL impedance was varied from 5 
ohms to 60 ohms across five generators (2 MVA, 4 MVA, …, 10 MVA). The analysis from the 
assessment found a point of saturation, meaning that any further increase in shunt path 
resistance resulted in negligible fault current limitation. This saturation point is defined as |𝑍|. 
The tabulated results varying 𝐼𝑝𝑟𝑜𝑠 with a fixed 𝐼𝑙𝑖𝑚 were evaluated to find a match of the R-
SFCL’s total impedance to |𝑍|. The comparison follows ohms law [48]. 
|𝑍| =
𝑅𝑠𝑢𝑝𝑒𝑟𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 ×  (𝑅𝑠ℎ𝑢𝑛𝑡 +  𝑋𝑠ℎ𝑢𝑛𝑡 𝑖)
𝑅𝑠𝑢𝑝𝑒𝑟𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 + 𝑅𝑠ℎ𝑢𝑛𝑡 + 𝑋𝑠ℎ𝑢𝑛𝑡 𝑖
 (  2  ) 
The point in which the total impedance |𝑍| matched he R-SFCL’s impedance, identified the value 
for 𝐼𝑝𝑟𝑜𝑠, which completes the required input data for designing the R-SFCL unit. The R-SFCL 
parameters were then carried through for final testing, to evaluate the impact of fault current 
limitation and the volume of UFR conductors.  
3.4.3.3.2 Economical 
The economic analysis of the R-SFCL unit was carried out in two stages, utilising the building 
block estimation, (BBE) and investment evaluation model, (IEM) internal use tools. 
The BBE tool is used to develop cost estimates based on an aggregate of ‘building blocks’ that 
make up each of the components with each option. These include the cost estimates for the 
traditional network option (installation of a third transformer at substation A) against the cost 
of a peak-lopping diesel generation facility and series connected R-SFCL device. A list of the 
detailed components for both options are comprised in Appendix B.1 and B.2. 
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The IEM tool evaluates the investments from a net present cost perspective. This tool takes into 
consideration both the capital and operating costs for each of the options over the evaluation 
period (i.e. 25 years) and compares the net present cost of each of the proposed options that 
aim to address the network security limitations.  
3.4.4  Results and Discussion 
The results from the methodology discussed in Section 3.4.3 are presented within this section. 
The results are followed by a discussion from the key points of interest. 
3.4.4.1 Short Circuit Analysis 
The short circuit analysis performed across the range of generator sizes highlighted a significant 
impact to the fault levels experienced on A1. As the bus-tie breaker between A1 and A2 is 
operated normally open (NO), there is immaterial change to the fault levels on busbar A2. 
Subsequently, further analysis and discussion is focused around the fault level impacts on A1 
busbar only.  







Steady state  
Fault Current (kA) 
Fault Contribution  
from Generator (kA) 
𝑰𝒑𝒓𝒐𝒔 
No DG  11.518 4.307 n/a 
1 11.806 4.417 0.109 
2 12.093 4.525 0.218 
3 12.379 4.634 0.327 
4 12.666 4.743 0.436 
5 12.952 4.851 0.545 
6 13.238 4.960 0.654 
7 13.523 5.069 0.763 
8 13.809 5.177 0.872 
9 14.094 5.286 0.981 
10 14.378 5.394 1.087 
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Table 10 highlights the peak and ‘steady-state’ network fault levels over the range of diesel 
generation facilities without installation of the R-SFCL device. It also shows the fault current 
contribution from only the generator facility. 
The resulting volume of UFR conductors created by the connection of additional generation for 
peak-lopping is shown in Table 11. 
Table 11 - Substation A: Volume of UFR Conductors – Generator without R-SFCL unit 
Generator 
Size (MVA) 
Length of  
UFRC (km) 
Step change on 
previous UFRC (%) 
No DG 0 N/A 
1 0.347 inf 
2 0.499 43.80% 
3 0.763 52.91% 
4 0.901 18.09% 
5 1.294 43.62% 
6 1.486 14.84% 
7 2.198 47.91% 
8 2.797 27.25% 
9 3.239 15.80% 
10 3.639 12.35% 
 
Table 11 illustrates that the connection of a 3 MVA generation facility would result in the 
greatest impact on the volume of UFR conductors. This establishes the upper limit of 𝐼𝑙𝑖𝑚 and 
subsequently, the fault current contribution from the 2 MVA generator is selected as 220 A 


















Generator Fault  
Impedance (Ω) 
1 0.109 0.220 116.528 55.225 
2 0.218 0.220 58.264 55.225 
3 0.327 0.220 38.843 55.225 
4 0.436 0.220 29.162 55.225 
5 0.545 0.220 23.306 55.225 
6 0.654 0.220 19.421 55.225 
7 0.763 0.220 16.647 55.225 
8 0.872 0.220 14.566 55.225 
9 0.981 0.220 12.948 55.225 
10 1.090 0.220 11.653 55.225 
 
The data from Table 12 is then used to calculate the impedance values of the shunt path and 
subsequently, the resistance of the superconductor in its quenched conducting state, as shown 
in Table 13. 















1 n/a n/a n/a n/a n/a 
2 n/a n/a n/a n/a n/a 
3 0.060 18.892 0.758 26.718 15.150 
4 0.091 28.573 1.154 40.408 22.910 
5 0.110 34.429 1.398 48.690 27.604 
6 0.122 38.314 1.565 54.184 30.715 
7 0.131 41.088 1.689 58.107 32.936 
8 0.137 43.169 1.784 61.050 34.600 
9 0.143 44.787 1.862 63.339 35.894 
10 0.147 46.082 1.926 65.170 36.928 
 
During the final stages of designing the R-SFCL device, sensitivity analysis was performed across 
a range of generator sizes and the total impedance levels. Figure 32 illustrates that as the 




Figure 32 - Substation A: Sensitivity Testing of Impedance Insertion 
Based on the analysis, a 35 Ω impedance has been selected as the most effective current 
limitation level. The fault current from the generator tends to 200 A beyond the 35 Ω range, for 
this reason 35 Ω was selected to verify and finalise the R-SFCL parameters. 
The calculations for the R-SFCL in Table 13, demonstrate negligible increases for the shunt 
parameters and superconductor’s quenched resistance from the 7 MVA to 10 MVA sized 
generators, as they are within the parallel equivalence of 30 – 35 ohms. To optimise the design 
so that it is technically feasible, the 7 MVA 𝐼𝑝𝑟𝑜𝑠 was selected with a quenched state resistance 
for the superconductor of 60 ohms. Table 14 and Table 15 calculate the parameters of the R-
SFCL unit. 
Table 14 - Substation A: Input data for R-SFCL 
RMS Line System Voltage (kV) 22 
RMS Prospective Fault Current 
(kA) 
0.763 
RMS Limited Fault Current (kA) 0.22 
System X/R 24.33 
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Table 15 - Substation A: Calculated R-SFCL parameters 
Phase Voltage (kV) 12.702 
Fault System impedance 
(ohms) 
16.647 
Limited Fault System 
Impedance (ohms) 
57.735 
Shunt Reactance (ohms) 41.088 
Shunt Inductance (H) 0.130 





With the design of the R-SFCL completed, detailed short-circuit simulations were carried out and 
the performance of the device with respect to the system was investigated. The simulations 
performed calculated the peak and steady-state fault current, which were used to determine 
the volume of UFR conductors. The changes to the network fault levels and volume of UFR 
conductors are calculated and summarised in Table 16 for the connection of the peak lopping 
generator with and without the series connected R-SFCL device.  
Table 16 - Substation A: Fault Current and UFRC Results: Optimised R-SFCL unit 
  
























1 11.806 4.417 0.347 11.748 4.397 0.347 
2 12.093 4.525 0.499 11.895 4.457 0.347 
3 12.380 4.634 0.763 11.994 4.499 0.419 
4 12.666 4.743 0.901 12.063 4.529 0.499 
5 12.952 4.852 1.294 12.114 4.552 0.499 
6 13.238 4.961 1.486 12.152 4.569 0.499 
7 13.523 5.069 2.198 12.181 4.582 0.499 
8 13.809 5.178 2.797 12.204 4.593 0.499 
9 14.094 5.286 3.239 12.223 4.602 0.541 




As in Figure 26, Substation A has a capacity shortfall that emerges from 2021 and peaks at a 
value of nearly 9 MVA by the year 2027. To completely address the network capacity shortfall, 
a peak lopping generation facility of at least 9 MVA is required. Without the installation of a R-
SFCL series device, the existing network fault levels would increase from 4.397 kA to 5.286 kA, 
which would create a total of 3.24 km of UFR conductors. However, with the installation of the 
R-SFCL device that was designed under the methodology in Section 3.2, the maximum fault level 
increase would be limited to 4.610 kA, which would result in only 541 m of conductors requiring 
fault rating upgrades. 
3.4.4.2 Cost of Options 
Substation A’s peak demand is forecast to experience a capacity shortfall of ~ 9 MVA by the year 
2027. Analysis of generating facilities that do not address the shortfall issue (i.e. 1 MVA → 5 
MVA) do not meet the criteria to address the network capacity limitations and are discounted 
from discussion. The economic analysis will analyse only the 6 MVA to 10 MVA generator 
facilities, with primary focus on the 9 MVA facility. Generation facilities lower than the identified 
9 MVA shortfall are considered as peak demand forecasts are annually refreshed and provide 
some sensitivity should the future peak demand forecasts decrease. 
The BBE tool is used to construct each option to accumulate an installation cost. The cost for the 
additional 33 MVA 132/22 kV power transformer is in Table 17. 





Base Dollars for 





8.914 0 8.914 
 
The costing for each generator facility without the R-SFCL device is in Table 18, and the facility 
with the R-SFCL installed in series is in Table 19. 
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Base Dollars for 
UFRC works ($M) 
Capital Base Cost 
($M) 
6 MVA         5.607       0.311       5.918  
7 MVA         6.456       0.461       6.917  
8 MVA         7.182       0.586       7.768  
9 MVA         7.626       0.679       8.305  
10 MVA         8.476       0.763       9.239  
 





Base Dollars for 
UFRC works ($M) 
Capital Base Cost 
($M) 
6 MVA         7.439         0.105       7.544  
7 MVA         8.288         0.105       8.393  
8 MVA         9.014         0.105       9.119  
9 MVA         9.458         0.113       9.571  
10 MVA       10.308        0.113     10.421  
 
Table 19 highlights that the cost of the 6 - 7 MVA generator facilities and cost for rectifying the 
UFR conductors are more favourable than the pricing of the additional transformer installation. 
However, based on the current peak demand forecasts, they will not adequately address 
capacity shortfall at Substation A. An 8 MVA generator facility also does not meet both criteria 
of addressing the shortfall for the predicted forecast, and furthermore is higher in total cost than 
the traditional network option. 
The 9 MVA and 10 MVA generation facilities both address the shortfall forecasted for Substation 
A but exceed the capital expenditure of the transformer install by $0.66M and $1.51M 
respectively. The 9 MVA generation facility, together with the UFR conductor rectification works 




3.4.4.3 Net Present Cost 
The NPC is evaluated over 25 years to reflect the forecasting assumptions defined in section 
3.4.3.1.2. Due to the shortfall not addressed by the installation of generator facilities ranging 
from 1 MVA to 5 MVA, the NPC of those will not be investigated. The NPC for the installation of 
an additional transformer and 6 - 10 MVA generator facilities (including a series connected R-
SFCL device) are summarised in Table 20. 
Table 20 - Substation A: NPC of Various Options with R-SFCL 
 
NPC – CAPEX 
($) 
NPC – OPEX 
($) 
Total NPC ($) 
Additional 
Transformer 
     8.914 M      5.385 M    14.299 M 
6 MVA      7.544 M      5.004 M    12.548 M  
7 MVA      8.393 M      5.523 M    13.916 M 
8 MVA      9.119 M      5.966 M    15.085 M 
9 MVA      9.571 M      6.237 M    15.808 M 
10 MVA    10.421 M      6.756 M    17.177 M 
 
Table 20 highlights that the 6 – 8 MVA generation facilities would be the preferred option if they 
would address the shortfall, however they do not meet the criteria for the key objectives of the 
case application. Generating facilities that are sized at 9 and 10 MVA both address the network 
security issue but represent a higher overall NPC value than the installation of an additional 
transformer. The 9 and 10 MVA generation facilities exceed the traditional network option by 
$1.51M and $2.88M respectively. Based on the current NPC’s calculated, the traditional network 
option to install an addition transformer at Substation A to address the network capacity 
shortfall is the preferred option. 
However, as mentioned previously in Section 3.3.1, superconductor technology is in its relatively 
early stages of commercial maturity. Costs are currently considered to be relatively high, but 
over time as the penetration of the technology increase, costs are expected to decrease rapidly. 
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Figure 33 illustrates the maturity cost curve for superconducting technologies. This curve was 
used to model whether the reduction in superconducting costs would result in the peak-lopping 
option becoming more favourable than the traditional network option sometime in the future. 
Applying the future expected costs of the superconductor to a portion of the R-SFCL device for 
the 9 MVA generation facility option, the analysis showed that the cost would need to fall at 
least to 50% to become more favourable than the traditional network option. The year 2030 is 
predicted to half the cost of superconducting material, as per Figure 33. 
 
Figure 33 - 2030 Predicted Superconductor cost [48] [49] 
The NPC with the maturity of the superconductor applied during the year 2030 is presented in 
Table 21. 
Table 21 - Substation A: NPC of Options with Applied Maturity Curve 
 
NPC - CAPEX 
($M) 
NPC - OPEX 
($M) 
Total NPC ($M) 
Additional 
Transformer 
      8.914 M       5.385 M      14.299 M 
9 MVA       8.725 M       5.610 M      14.335 M 

























The year 2030 presents a significant reduction to the NPC of installing a 9 MVA peak-lopping 
generating facility. Although not the cheapest option, the pricing is competitive for selection of 
the generating facility to progress into the execution phase. 
3.5 Application - Case B 
The application developed for Case B aims to improve the level of reliability performance for 
customers supplied via an urban 132/22 kV substation. Reliability is defined as having sufficient 
generation and network capacity to supply the customer’s energy demand [1]. Utilities typically 
are obligated to meet a certain level of reliability performance. These standards (Network 
Quality and Reliability of Supply, Code 2005 [49]) are developed based on acceptable levels of 
performance and the Utility’s performance is measured against these standards. Penalties and 
rewards schemes are used for an incentive to Utilities to meet or exceed the minimum standards 
of customer reliability performance.  
To increase the performance reliability on a network, there are various options that Utilities can 
implement that either decrease the frequency or duration of outages. Some of the common 
options include: 
• Upgrade aged and degraded equipment;  
• Undergrounding of networks – limit environmental factors; and 
• Network augmentation such as decreasing distribution feeder line lengths and the 
installation of distribution automation devices that limit the number of customers. 
Recent innovations in large energy storage technology have enabled communities and weak 
parts of the main network to utilise a microgrid concept. Microgrid installations have been 
tested for their effectiveness in improving reliability [50] [51], resulting in projects being carried 
out Australia-wide [52] [53]. However, these types of solutions are complex and generally very 
expensive to implement. 
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The focus of the investigation for Case B application will be to improve the customer reliability 
performance at an urban substation, with the aim to facilitate the continuation of supply during 
faulted conditions. 
3.5.1 Substation B Characteristics 
Substation B is a 132/22 kV urban zone substation situated in the metropolitan area. The 
substation operates with two 33 MVA supply transformers, supplying seven feeders. Substation 
B supplies 18,524 customers over 642 km of distribution network. Of the 18,524 customers 
connected to Substation B, there are 50 critical customers also within the network. Table 22 
summarises the number of customers per transformer and Table 23 illustrates the number of 
critical customers per feeder. 
Table 22 - Substation B: Number of Customers per Transformer 




Table 23 - Substation B: Critical Customers 










Similarly to Substation A, Substation B is classed as a zone substation. The substation must be 
designed, such that the loading must never exceed the normal cyclic rating, (NCR). The NCR of 
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Figure 34 - Substation B: Single Line Diagram 
Utilising 2017 demand data, Substation B’s load duration curve, as shown in the Figure 35 
loading profile, highlights that there is a surplus of capacity that exists. In Figure 35 the orange 
dashed line represents the substation’s planned capacity and the solid blue line shows the 




Figure 35 - Substation B: 2017 Load Duration Curve 
3.5.2 Proposed Works 
Substation B is currently operated by a split bus arrangement. The majority of urban substations 
are operated similarly due to the high fault levels experienced in urban areas of the network. 
Paralleling the operation of transformers is not a common practice as it can have the effect of 
essentially doubling the magnitude of fault levels (ohms law [48]). Parallel operation will result 
in significantly higher fault levels that can lead to the need for equipment upgrades to much 
higher fault ratings, at significant costs that may be cost prohibitive. 
However, the trade-off for operating the substation in a split bus is that any transformer outage 
will initially result in a loss of supply to the customers supplied via the faulted substation 
transformer, before the network being reconfigured and the supply restored. This not only has 
an impact in meeting the prescribed network reliability performance levels but also causes an 
electricity disruption to customers, businesses and industries as a result of the loss of supply. 
In recent times, there is a much greater emphasis and value put on the reliability of supply, due 
to the ever-growing reliance of electricity to perform daily activities and functions for residential, 
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To address this limitation, Case B will investigate how reliability performance for the loss of a 
substation power transformer can be improved. 
More specifically, the proposal for Case B will investigate the parallel operation of transformers, 
T5 and T6 and subsequent coupling of busbars B5 and B6. This parallel operation will ensure that 
if one of either transformers experience an outage, the remaining transformer will supply the 
entire substation demand even once the transformer has tripped. The healthy transformer will 
remain in service and provide a supply to all feeders until the faulted transformer is put back 
into service and normal conditions resume. Effectively this will ensure that customer’s will not 
experience any loss of continuity of supply. 
The bus tie point for a substation can vary from a mechanical switch, circuit breaker or remotely 
controlled circuit breaker. These all influence the restoration times for a transformer outage. 
Part of this application will investigate the impact of varying the restoration times.  
However, improving the network reliability through parallel operation of the substation 
transformers introduces much higher fault level exposure to the existing network for faults on 
the busbars and downstream on the distribution networks. To mitigate this, a R-SFCL device will 
be used to reduce the fault level impact. The R-SFCL device will be installed between the two 
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Figure 36 - Substation B: Single Line Diagram – Proposed Works 
During normal conditions, the R-SFCL device will have negligible current flowing through, as the 
loading between buses are assumed to be effectively even. During faulted conditions in parallel 
operation, the R-SFCL device will limit the additional fault contribution from the healthy 
transformer supply path. The focus of this case application will be investigating the reliability 
performance improvement associated with operating the transformers in parallel for a 
transformer contingency. 
Some of the key aims of the proposal will be aimed at reducing the levels of fault current to a 
safe and manageable level so that three objectives are achieved: 
• Increase the level of reliability performance to customers; 
• Equipment’s fault rating are not exceeded; and 
• Mitigate the volume of UFR conductors. 
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It is important to note that the loss of supply for a transformer outage results in lower levels of 
reliability performance but also the amount of energy not delivered. The amount of unserved 
energy is crucial to understanding how it impacts customers and the value they place on 
reliability.  
The Value of Customer Reliability (VCR) is a measuring tool that was developed using the results 
of a customer survey response questionnaire that represents a customer’s willingness to pay for 
the reliable supply of electricity [54]. The VCR is typically expressed in $/kWh. 
Within this case application, the VCR measurement will provide a value to quantify the 
importance of reliability on a network for customers. This will then be used as a benchmark to 
compare against the cost of operating the substation in parallel, which includes the installation 
of a R-SFCL device and UFR conductors that may need upgrading. 
3.5.3 Study Methodology and Assumptions 
Substation B testing is conducted under several key assumptions, which are defined in the 
following sections. 
3.5.3.1 Key Modelling Assumptions 
3.5.3.1.1 Protection Scheme 
The existing distribution feeder protection schemes have been validated and are assumed to be 
adequately graded. For the purpose of this paper, the detailed investigation on the impact of 
protective schemes (i.e. breaches of grading margins) are deemed out of scope for this analysis.  
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3.5.3.1.2 Distributed Transfer Capacity 
Substations situated in urban areas, especially in the metro areas are typically interconnected 
with feeders from neighbouring substations. The interconnection is usually coupled by a ring 
main unit (RMU) or a pole top switch which is normally open, (NO). This interconnection 
between feeders and substation enables the network to be restored to limit the number of 
customer’s impact during a contingency event. This is typically referred to as Distribution 
Transfer Capacity (DTC). The ability to restore surrounding feeder supply through DTC is limited 
by the available spare feeder capacity and acceptable voltage levels. 
This paper will take into consideration the DTC in determining the VCR by assuming the following 
generic restoration sequences: 
• First 4 Hours – 100% of the customers are offline; and 
• Remaining outage duration – 10% of the customers remain offline. 
After four hours, the RMU or pole top switch is closed returning 90% of the customers to that 
transformer back online to another substation feeder. The remaining 10% are assumed to 
remain offline until the Rapid Response Spare Transformer, (RRST) transformer is deployed. 
3.5.3.1.3 Under Fault Rated Conductors 
The interconnection of the B5 and B6 busbars will essentially double the magnitude of fault 
current in the system (ohms law [48]). The rise in fault current will adversely cause a significant 
rise in UFR conductors. The purpose of the R-SFCL will be to maintain adherence to clause 2.5.7 
of the technical rules [43], so that the volume of UFR conductors are minimised, similar to the 
objective of Case A. The Vista tool will be used to determine the volume of UFR conductors in 
Case B.  
Short-circuit simulations for the existing Substation B highlighted that there are no UFR 
conductors and existing protection schemes are graded adequately. 
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The costings associated to rectify any volume of UFR conductors in Case B will be represented 
by the value of $209,574.50/km, which was outlined in Section 3.4.3.1.1. 
3.5.3.1.4 Substation Peak Demand and Forecasts 
To efficiently analyse the impact of installing the R-SFCL at Substation B, the substation first 
needs to be capable of delivering the current and future peak loads.  
Figure 37 highlights the existing peak demand at Substation B as well as the forecast peak 
demand over a 25-year time horizon. As illustrated, Substation B is expected to experience a 
declining peak demand forecast, with enough spare capacity to meet future peak demand.  
 
Figure 37 - Substation B: Load forecast until 2042 
The forecast of Substation B does not impact the ability to meet the peak demand over the 25 
year period, and therefore for purposes of the economic analysis, the 2017 peak demand (22.5 
MW) will be used for the entire period of assessment. 
3.5.3.1.5 Substation Outage Data 
Substation transformer outage data (both average failure rates and average repair times) have 

























• Ten-year historical outage data for Substation B; and 
• CIGRE Transformer outage data from the period 3/7/1998 to 1/8/2013 (Appendix C) 
The CIGRE outage duration data for the capacity of transformers that are equivalent to 
Substation B, show very large transformer repair times which on their own may be misleading 
to use. As Substation B is designed to the NCR criteria, it will have RRST connection to facilitate 
a mobile transformer during a transformer contingency. The NCR defines that an RRST must be 
deployed within 24 hours to replace the failed supply transformer. As a result, the outage times 
were capped to no longer than 24 hours.  
A further consideration for sensitivity studies includes whether the tie bus circuit breakers were 
remote controlled or mechanical switches. For Substation B, the tie bus breaker is able to be 
remotely controlled. It is assumed that a Network Controller would send a control command to 
close the tie bus circuit breaker after a series of checks no longer than 30 minutes. 
Taking into consideration the above, three scenarios were developed to investigate the Case B 
application, which are summarised in Table 24 below. 










Historical outage 0.1 1206 
CIGRE Data 0.113 1440 
 
3.5.3.2 Study Methodology 
The methodology is split into two sections. The economic analysis can only be carried out once 




The first stage of technical analysis involved performing short-circuit simulations to determine 
the fault levels for the existing network and for the parallel operation of the substation without 
the installation of a R-SFCL and associated protection equipment. This first assessment helps 
define the prospective network fault currents 𝐼𝑝𝑟𝑜𝑠, which is a key input into the design process 
of the R-SFCL device.  
To understand the behaviour of the system, sensitivity analysis was carried out by varying the 
impedance of the R-SFCL device. The results of this analysis was used to better understand how 
the network fault levels change at varying impedance values and if there was a region of interest 
(i.e. saturation) that could be used to determine an optimal size. The impedance of the R-SFCL 
device was adjusted starting from 5 ohms through to 100 ohms, in 5-ohm increments. 
Identifying a region in which changes to the value of the R-SFCL impedance had little or negligible 
fault current limitation demonstrated a critical region for the operational limits of the R-SFCL 
device. 
The next stage of the technical analysis involved sensitivity testing on the impact of the fault 
current on UFR conductors. The UFR conductors were analysed in the Vista tool by using Table 
4 and Table 5 and varying 𝐼𝑙𝑖𝑚 from a 50% fault current ‘steady-state’ reduction to 99%. The 
analysis to determine the volume of UFR conductors was performed in parallel to the shunt 
calculations, as the approach to a reduction of fault current to 99% will produce technical issues 
that cannot be realised. 
With the objectives defined in Section 3.5.2, a technically feasible conceptual design was 
selected. The optimal design was selected from satisfactory results from the impact of UFR 




The economic assessment for Case B was performed in two stages. The first stage involved 
building a cost estimate of the proposed reinforcement to facilitate the parallel operation of the 
transformers. The second stage involved calculating the VCR for a range of transformer outage 
durations which was then used to perform a NPC comparison against the cost of operating the 
substation in parallel. 
The BBE tool is used to populate a construction cost for installing the R-SFCL device based on an 
aggregate of ‘building blocks’. The BBE will be used in conjunction with the IEM model, as it 
evaluates the capital expenditure of the device and accounting for the net present cost for the 
assessment period of 25 years. This is a critical aspect as it’ll allow an investigation for when the 
R-SFCL has greater benefits to the network’s customers than remain operation of the substation 
as a split bus. 
To successfully evaluate the benefits of the R-SFCL at Substation B, the amount of potential 
unserved energy was calculated. To calculate the amount of unserved energy, the peak demand 
from 2017 was considered for the life cycle assessment of the R-SFCL, which for simplicity 
purposes was assumed as a constant value despite a declining peak demand forecast.  
The power delivered through Substation B is obtained from historical data. The data is used to 
determine the amount of unserved energy if one of either transformers were to experience an 
outage. The assessment for each transformer was analysed through sensitivity testing of the 
three scenarios, which were defined in Section 3.5.3.1.5. The amount of expected unserved 








 ×  𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊ℎ)
=  𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑠𝑒𝑑 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑈𝑛𝑠𝑒𝑣𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊ℎ) 
 
 
(  3  ) 
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The previous process determines an amount of energy that would potentially be unserved, and 
the VCR is used to quantify that energy into a dollar value for the customer. The VCR for each of 
the different customers are defined internally and are summarised in the table below. 
Table 25 - Substation B: VCR Values for the Various Customer Types (AUD) 
Customer VCR Value ($/ MWh) 
Residential      23,395.00 
Commercial    106,778.00  
Agricultural    122,259.00  
Industrial      53,263.00  
 
The VCR is weighted proportionally to the number of customer types that are supplied by each 
transformer. The weighted VCR values for each transformer are in Table 26. 







Residential      22,376.80  
Commercial        4,573.61  
Agricultural              66.17  
Industrial                 8.24  
B
6 
Residential      22,189.24  
Commercial        5,465.02  
Agricultural              43.76  
Industrial                     -    
 
The weighted VCR values were multiplied by the annualised expected unserved energy (AEUE). 
The calculated VCR values are then compared against the NPC of installing the R-SFCL unit and 
to evaluate if there is benefit for installing the device to operate the transformers in parallel or 
to remain the network in its current split bus arrangement.  
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Of the three outage scenarios analysed, the scenario which produces the largest amount of 
unserved energy will be considered for further investigation. The investigation will assess the 
amount of energy that remains unserved when customers are offloaded onto a nearby feeder, 
which were defined in Section 3.5.3.1.2. This will provide a realistic value for unserved energy 
on Substation B and allowing an assessment of whether the R-SFCL is still economically beneficial 
to the system. 
3.5.4 Results and Discussion 
The following section details the results of the technical and economic assessment, with a 
discussion on the key points identified. 
3.5.4.1 Short Circuit Analysis 
Table 27 highlights the peak and ‘steady-state’ fault current levels on busbars B5 and B6 for the 
existing network topology, as shown in Figure 34. This represents the base case or reference 
case for comparison purposes.  






Volume of UFR 
Conductors (km) 
B5 13.770 5.226 
0 
B6 11.706 4.335 
 
The next stage involved coupling the B5 and B6 busbars together without a R-SFCL device. The 
results of this short-circuit analysis are summarised Table 28. 







Volume of UFR 
Conductors (km) 
B5 24.052 9.122 
2.573 




For a 3-phase fault on the B5 or B6 busbar, the peak and ‘steady-state’ fault current for the 
paralleled operation of B5 and B6 are approximately doubled in Table 28. The cause for the fault 
current to double is due to ohms law [48], where the impedance seen by the source is halved. 
Also, of significance is that the 2.573 km of conductor exceeding their fault rating limits would 
require upgrades to facilitate the proposed network topology change. 
An investigation on the size of the R-SFCL impedance has been carried out. The various fault 
levels on B5 can be seen in Figure 38 and for B6 in Figure 39.  
 
Figure 38 - Substation B: Sensitivity investigation of Impedance Insertion on B5 
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Based on the results illustrated in Figure 38 and Figure 39, the ability of the R-SFCL device to 
reduce the fault current levels beyond an impedance value of 40 ohms diminishes rapidly. 
Furthermore, a R-SFCL device greater than 40 ohms will most likely result in unrealistic 
equipment sizing and introduce non-technical issues (i.e. such as substation space constraints). 
To evaluate the impact of UFR conductors with the R-SFCL device installed, the value of 𝐼𝑙𝑖𝑚 was 
varied, to assist in calculating the parameters for the R-SFCL unit. Table 29 captures the results 
of this exercise. 
Table 29 - Substation B: Shunt Calculations 












5.0077 4.000 2.536 3.175 0.639 0.032 
5.0077 3.000 2.536 4.234 1.697 0.084 
5.0077 2.500 2.536 5.081 2.544 0.126 
5.0077 2.000 2.536 6.351 3.814 0.189 
5.0077 1.750 2.536 7.258 4.722 0.234 
5.0077 1.500 2.536 8.468 5.931 0.294 
5.0077 1.250 2.536 10.161 7.625 0.378 
5.0077 1.000 2.536 12.702 10.165 0.504 
5.0077 0.750 2.536 16.936 14.399 0.714 
5.0077 0.500 2.536 25.403 22.867 1.134 
5.0077 0.400 2.536 31.754 29.218 1.449 
5.0077 0.300 2.536 42.339 39.803 1.975 
5.0077 0.200 2.536 63.509 60.972 3.025 
5.0077 0.100 2.536 127.017 124.481 6.175 
 











of R-SFCL (ohms) 
4.000 0.905 0.375 
3.000 2.404 0.996 
2.500 3.603 1.492 
2.000 5.401 2.237 
1.750 6.686 2.769 
1.500 8.399 3.479 
1.250 10.797 4.472 
1.000 14.394 5.962 
0.750 20.389 8.445 
0.500 32.379 13.412 
0.400 41.371 17.136 
0.300 56.359 23.344 
0.200 86.334 35.761 
0.100 176.259 73.009 
 
The impact on UFR conductors was analysed using the Vista tool. Table 31 summarises the 
volume of UFR conductors for each 𝐼𝑙𝑖𝑚 case. 
Table 31 - Substation B: Volume of UFR conductors 
Fault 
Current (kA) 




















The R-SFCL device parameters were not simply selected from one type of analysis. Instead 
coordination between the impact of UFR conductors and the calculated R-SFCL parameters was 
used to optimise the R-SFCL device parameters. The analysis shows that there was a 
convergence in impedance just below 40 ohms and was considered technically feasible. The 
device that did not exceed the 40-ohm region, provided adequate current limitation and was 
technically realisable is summarised in Table 33, from the inputs in Table 32. 
Table 32 - Substation B: Input data for R-SFCL 
RMS Line System Voltage (kV) 22 
RMS Prospective Fault Current (kA) 5.008 
RMS Limited Fault Current (kA) 0.300 
System X/R 50.158 
System Frequency (Hz) 50 
 
Table 33 - Substation B: Calculated R-SFCL parameters 
Phase Voltage (kV) 12.702 
Fault System impedance 
(ohms) 
2.536 
Limited Fault System 
Impedance (ohms) 
42.339 
Shunt Reactance (ohms) 39.803 
Shunt Inductance (H) 0.127 





The calculated R-SFCL parameters were then tested for the effectiveness in fault current 











Volume of UFR 
Conductors (km) 
B5 14.437 5.536 
0.757 
B6 12.411 4.651 
 
3.5.4.2 Cost of Options 
Table 35 summarises the capital expenditure required for installing the R-SFCL. The cost also 
includes rectification costs of network reinforcement to return the volume of UFR conductors 
to 0 km.  
Table 35 - Substation B: R-SFCL Total Installation Cost 
 
Installation Cost ($) Dollars for 
UFRC works ($) 
Total Cost ($) 
R-SFCL        1,832,352.85     158,647.90     1,991,000.75  
 
3.5.4.3 Net Present Cost 
The NPC will be used to determine if the installation of the R-SFCL to facilitate the parallel option 
of Substation B provides a net positive benefit in comparison against the VCR value. 
The annualised energy of each transformer (2017) were summed and used to formulate the 
expected energy unserved, defined previously in Equation (  4  ). The amount of expected 
unserved energy and the value of unserved energy for the three outage scenarios are 















 Residential 0.0662    23,395.00                      1,548.95  
Commercial 0.0662      4,573.61                          302.81  
Industrial 0.0662            66.17                              4.38  
Agricultural 0.0662              8.24                              0.55     






l Residential 13.3079    22,376.80                 297,789.08  
Commercial 13.3079      4,573.61                    60,865.25  
Industrial 13.3079            66.17                          880.56  
Agricultural 13.3079              8.24                          109.61     





Residential 17.9558    22,376.80                 401,793.03  
Commercial 17.9558      4,573.61                    82,122.66  
Industrial 17.9558            66.17                      1,188.09  
Agricultural 17.9558              8.24                          147.89     
Total                485,251.67  
 
The VCR data for the three outage scenarios, described in Table 24, on transformer B6 are 
summarised in Table 37. 












 Residential 0.0570       22,189.24             1,265.27  
Commercial 0.0570          5,465.02                 311.62  
Industrial 0.0570                43.76                      2.50  
Agricultural 0.0570                       -                            -    
 
  
Total            1,579.39  
 






l Residential 11.4614       22,189.24         254,318.85  
Commercial 11.4614          5,465.02           62,636.50  
Industrial 11.4614                43.76                 501.52  
Agricultural 11.4614                       -                            -       





Residential 15.4643       22,189.24         343,140.66  
Commercial 15.4643          5,465.02           84,512.53  
Industrial 15.4643                43.76                 676.68  
Agricultural 15.4643                       -                            -       
Total        428,329.87  
Table 36 and Table 37 quantify the value per annum of installing the R-SFCL between busbars 
B5 and B6. The VCR value is then assessed over the assessment period of 25 years.  
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Figure 40 illustrates the annual accumulated VCR for a temporary transformer outage scenario 
against the total capital cost of installing a bus tie R-SFCL device. 
The trigger for the investment is the point where the accumulated VCR intercepts the R-SFCL 
capital cost. The point of interception determines a recommended time for investment, defining 
that the proposed network investment is financially beneficial (regarding VCR) than operating 
the substation with the existing topology (i.e. split bus). 
  
Figure 40 - Substation B: NPC of Temporary Outage against R-SFCL install 
The results of Figure 40 highlight that for a temporary outage on B5 and/or B6, there is no 
justification for installing the R-SFCL. Over the assessment period, accumulating the value of 
unserved energy there is insufficient value to install the R-SFCL device under this scenario.  
  
















Temporary Outage Assessment on Substation B




















Historical Outage Assessment of Substation B





Figure 41 illustrates that the value of customer reliability is greater than the cost of the proposed 
network reinforcement. This is illustrated by the point of interception in Figure 41. 
By paralleling the operation of transformers at Substation B after the year recommended time 
for investment 2020, the installation for the R-SFCL becomes the lesser valued option.  
The CIGRE outage scenario is the final sensitivity carried out, which is presented in Figure 42. 
 
Figure 42 - Substation B: NPC of CIGRE outage against R-SFCL install 
Figure 42 demonstrates that the recommended time for investing is during the year of 2020. 
Figure 41 compared against Figure 42 are negligible for the year of recommendation, as they 
both predict an investment during the year of 2020.  
The CIGRE data demonstrates the greatest value of unserved energy and as a result, this outage 
scenario will be evaluated further with respect to incorporating the DTC to neighbouring 
substations, as described in Section 3.5.3.1.2. Applying the DTC to this scenario will provide a 
much more realistic economic assessment. Taking into consideration the DTC and associated 
assumptions, the newly calculated expected unserved energy and value of unserved energy are 

















CIGRE Outage Assessment of Substation B





Table 38 - Substation B: B5 CIGRE outage with DTC 
   





Residential 4 hrs - 2.9926 
 20 hrs - 1.4963  
   22,376.80            100,448.26  
CIGRE Commercial 4 hrs - 2.9926 
 20 hrs - 1.4963 
     4,573.61              20,530.67  
 
Industrial 4 hrs - 2.9926 
 20 hrs - 1.4963 
           66.17                    297.02  
  
Agricultural 4 hrs - 2.9926 
 20 hrs - 1.4963 
             8.24                       36.97  
    
Total           121,312.92  
 
Table 39 - Substation B: B6 CIGRE outage with DTC 
   





Residential 4 hrs - 2.5774 
 20 hrs - 1.2887  
  22,376.80     85,785.17 
CIGRE Commercial 4 hrs - 2.5774 
 20 hrs - 1.2887 
    4,573.61     21,128.13 
 
Industrial 4 hrs - 2.5774 
 20 hrs - 1.2887 
          66.17           169.17 
  
Agricultural 4 hrs - 2.5774 
 20 hrs - 1.2887 
            8.24                    - 
    
Total    107,082.47  
 
The updated assessment is illustrated in Figure 43. 
 

















CIGRE outage with DTC Applied on Substation B





The simulation of customer offloading onto a nearby substation more accurately represents the 
response to a power transformer failure, due to the available DTC. The updated assessment 
highlights that the paralleled operation only becomes the preferred option at the end of 2026. 
This defers the recommended time for investment from Figure 43 by nearly seven years, but this 
is due to 100% of the customers being offline until the transformer is repaired. Instead of 
accounting for the faulted section being isolated, with the majority of customers supply restored 
for a large portion of the total transformer repair time.  
Similar to Case A, the superconductor maturity cost curve is analysed over the coming years until 
2026. The cost reduction is interpolated between 2020 and 2026 by linear approximation from 
the maturity cost curve of superconductors (Figure 22). The capital expenditure for the R-SFCL 
over those years are summarised in Table 40. 
Table 40 - Substation B: Reduction cost of Superconductors between 2020 and 2026 










2020 20.0 13.04 1,274,680.24 1,641,150.81 
2021 18.1 21.30 1,153,585.62 1,520,056.19 
2022 16.2 29.57 1,032,491.00 1,398,961.57 
2023 15.4 33.04 981,503.79 1,347,974.36 
2024 14.6 36.52 930,516.58 1,296,987.15 
2025 13.8 40.00 879,529.37 1,245,999.94 
2026 13.0 43.48 828,542.16 1,195,012.73 
 
The recommended time for investing with the applied DTC in Figure 43 and accounting for the 
reduced capital expenditure in Table 40, demonstrate that the feasibility of the R-SFCL is 




Chapter 4 Conclusion and Future work 
As demonstrated through each of the applications, Case A and B, the R-SFCL device provides 
significant technical benefits for both applications investigated. Although the R-SFCL device was 
not economically favourable in both cases today, the assessment did demonstrate that it can be 
an effective solution when applied in different applications (i.e. series connected or bus tie 
coupler) to limit network fault currents to address network security and reliability issues.   
To address the forecast capacity shortfall, the results concluded that the installation of an 
additional power transformer is currently more cost-effective than a non-traditional option that 
involved a peak-lopping generator facility coupled with a series connected R-SFCL device to 
offset peak demand. 
One of the key findings under Case A was that it identified that there had been significant 
reinforcement works completed in the past few years, and as a result, the connection of the 
generator facility did not significantly impact the volume of UFR conductors. Subsequently, the 
benefit of installing a R-SFCL to limit the generator facility fault current contribution was low. 
Substations that have lower fault rated network equipment (such as rural substations) may 
provide a greater opportunity to install a R-SFCL. 
It was also noted that the cost of the additional transformer required the substation site to be 
expanded, which involves significantly more cost and therefore the NPC for each option was 
closer than it may have been if the substation was already designed to accommodate an 
additional transformer. Also, for larger capacity shortfalls (within the capacity of the 
transformer), the additional transformer capacity is preferred as the cost is fixed (only the 
transformer utilisation increases), whereas the generator facility, R-SFCL and associated 
network reinforcement is variable.  
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The NPC of the generator facility accompanied with a series connected R-SFCL device was 
evaluated and did not result to be the preferred option. However, application of a maturity cost 
curve highlighted that if the cost of the superconductor reduced by 50%, the option would be 
on par with the additional transformer option. Based on the maturity cost curve, this was 
forecast to occur in 2030. 
One of the expectations of Case B was that operating the substation transformers in parallel 
would produce a significant amount of under fault rated conductors. Similar to Substation A 
under the Case A application, this urban substation had recently undergone reinforcement 
works with many conductors recently upgraded. The majority of the existing network equipment 
were well within their designed fault ratings. 
However despite this, the installation of the R-SFCL installation between B5 and B6 
demonstrated that it could improve the reliability performance. The initial studies demonstrated 
there was significant unserved energy that would result in large VCR values. However, this was 
later moderated by taking into account a more realistic network response, which involved the 
DTC switching to partially restore supply to customers once the faulted section was isolated. 
Using the CIGRE data as the most likely scenario that could be favourable, an interception point 
where the value of unserved energy crosses the capital expenditure for the cost of installing a 
R-SFCL device (and associated works) was observed to occur in 2026. In addition, applying the 
maturity cost curve was noted that it could potentially accelerate the interception point, 
emphasising that the R-SFCL is a feasible option that benefits the system. 
The two substations have their own unique characteristics which influenced the behaviour of 
the R-SFCL device on the system. However, one notable design characteristic is the final R-SFCL 
selected in both cases are relatively similar. The potential of the device being universal across 
two networks, rather than a bespoke design represents the potential to design and procure one 
device, resulting in better pricing and lower requirements for maintaining spares. 
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The technical benefits associated with installing a R-SFCL under different applications were 
observed to limit the fault currents in the networks effectively. However, as described earlier, 
the networks chosen were relatively strong, and the R-SFCL device’s potential was not 
completely utilised, whereas the benefits for a weaker network would be greater. This was 
evident particularly in Case B which fault current levels increased significantly, but only resulted 
in an increase of 2.5 km of UFR conductors.  
The option to install a R-SFCL over the traditional methods of network solutions do not seem to 
be cost effective at the time of writing this paper. The maturity cost curve provides a good 
indication of when the NPC of the superconductor may become financially competitive. The 
decaying exponential curve assumes a 50% reduction to the cost by the year 2030, and it is then 
when the device will be nearing maturity. Although this was not considered in the paper, 
advances in superconductor material is expected to reduce the cost of the cryogenic system, 
which may further reduce the cost of the installation.  
4.1 Future Works 
Although a number of assumptions were made (as detailed in Sections 3.4.3 and 3.5.3) during 
the development of each case application, there are still some areas that would help validate 
the implementation of the R-SFCL more accurately. 
From an economic perspective, it would be advantageous to obtain the generator costs directly 
from suppliers. Although the references provided detailed costing, there was insufficient data 
to accumulate pricing for each sized generator, and as a result, a number of assumptions were 
made. Engagement from industry professionals would have enabled them to refine their 
knowledge for purchase and installation costs. This is also true for the purchase and installation 
costs of the R-SFCL. Although the documents referenced provided adequate pricing, the 
technical details were unknown and the accuracy of the costing in relation to the size of the R-
SFCL is likely to be low.  
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From a technical perspective, future work focused around the impact to existing sub-
transmission and distribution protection schemes could be investigated with the installation of 
a R-SFCL. This would help to determine more accurately whether additional network 
reinforcement works would be required or if existing protection schemes would need to be 
modified to incorporate these new technologies. 
Finally, the transient behaviour of the R-SFCL to the network was not investigated. Dynamic 
studies to determine the impact of a R-SFCL device during this period would provide an insight 
into the response of the system with existing protection schemes. The coordination of the R-
SFCL device and existing protection would require an in-depth investigation, as fast-acting 
equipment (such as STATCOM’s) could potentially cause the protection schemes to maloperate 
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Appendix A Technical Rules 
The following appendices are clauses that relate to the testing of the R-SFCL device. The clauses 
are referenced directly from [43]. 
A.1 Normal Cyclic Rating 
Clause 2.5.4 - Zone substations 
 (a)  The 1% Risk Criterion 
The 1% Risk criterion permits the loss of supply to that portion of a substation’s peak 
load that is demanded for up to 1% of time in a year (87 hours) following the unplanned 
outage of any supply transformer in that substation. 
(b) Normal Cyclic Rating (NCR) Criterion 
(1) The NCR risk criterion permits a limited amount of unmet demand for 
power transfer capacity following the unplanned loss of a supply 
transformer within a substation. 
(2) The maximum power transfer through a substation subject to the NCR 
risk criterion must be the lesser of: 
(A)  75% of the total power transfer capacity of the substation, with 
all supply transformers in service; or 
(B) the power transfer for which the maximum unmet demand for power transfer capacity 
following the loss of the largest supply transformer in the substation is equal to 90% of the 




A.2 Fault Limits 
Clause 2.5.7 – Fault Limits 
The calculated maximum fault level at any point in the transmission and distribution system 




Appendix B Building Block Estimation of 
Options Analysed 
B.1 33 MVA Transformer 
Table App B-1 provides a breakdown for the cost of installing the 33 MVA transformer. The 
costing for the 33 MVA transformer was used in Case A. 
Table App B-1: Case A - BBE Component list for 33 MVA Transformer 
Item 
# 
Category Description Comments 
1 Site Works Site Works for New 
Transformer install 
The transformer install was assumed to occupy 
an area of 91m^2, which was used as the basis 
for civil works 
2 Site Works Site Works for New 
Transformer install 
Bund Install for Transformer 
3 Substation 
infrastructure 
Wall Installation of wall to contain noise and asset if 









132 kV Bus Coupler Extension of 132 kV busbar to connect HV side 
of new Transformer 
6 Primary Plant 132 kV Circuit 
Breaker 
Protection of HV side of Transformer 
7 Primary Plant  132 kV 
Disconnector 
Isolator for Busbar coupler & Circuit Breaker 
8 Volumetric 
Assets 
132 kV terminal Connection from HV coupling to Transformer 
9 Volumetric 
Assets 
132 kV Protection Current transformer for Primary side  
10 Volumetric 
Assets 
22 kV Protection Current transformer for Secondary side 
11 Primary Plant 22 kV Disconnector Isolator for Transformer and Feeders 
12 Primary Plant 22 kV Circuit 
Breaker 
Protection for Transformer and Feeders 
13 Outdoor 
Switchgear 
22 kV Feeder 
Termination 
Re-termination of 2 Feeders 






B.2 Generating Facility with R-SFCL device 
Table App B-2 provides a breakdown for the cost of installing the generating facility with the R-
SFCL series installed device. The costing for the generating facility was used in Case A. 
Table App B-2: Case A - BBE Component list for Generating Facility with R-SFCL device 
Item 
# 
Category Description Comments 




Site works for New 
Transformer install 
The generating facility footprint for civil works 
was dependent on the sized facility 




Site works for New 
Transformer install 
Bund installation for step-up transformer 
3 Substation 
Infrastructure 
Wall Installation of wall to contain noise and asset if 









n/a 1 - 10 MVA 
6 Outdoor 
Switchgear 
R-SFCL Unit 22 kV R-SFCL with Cryogenic System 
7 Volumetric 
Assets 








22 kV bus Coupler Extension of existing 22 kV busbar 
10 Primary Plant 22 kV Disconnector 3x Disconnectors that enable maintenance and 
isolation for sections of generating facility 
11 Primary Plant 11 kV Disconnector 2x Disconnectors that enable maintenance and 
isolation for sections of generating facility 
12 Primary Plant 22 kV Circuit 
Breakers 
1x Circuit Breaker for protection of R-SFCL 
device 
13 Primary Plant 11 kV Circuit 
Breaker 
1x Circuit Breaker for protection of step-up 
transformer 
14 Primary Plant 22 kV Load Break 
Switch 






B.3 R-SFCL bus tie 
Table App B-3 provides a breakdown of the components for the cost of installing the R-SFCL 
device as a bus tie coupler. The cost for the R-SFCL as a bus tie was used in Case B. 
Table App B-3: Case B - BBE Component list for R-SFCL application as a bus-tie 
Item 
# 
Category Description Comments 




Site works for New 
Transformer install 
The generating facility footprint for civil works was 
dependent on the sized facility 
2 Substation 
Infrastructure 
Wall Installation of wall to contain noise and asset if 
failure were to occur 
3 Outdoor 
Switchgear 
R-SFCL Unit 22 kV R-SFCL with Cryogenic System 
4 Volumetric 
Assets 
22 kV Protection Current transformer for R-SFCL unit 
5 Transformer 
Plant 
22 kV bus Coupler Extension of existing 22 kV busbar 
6 Primary Plant 22 kV Disconnector 4x Disconnectors that enable maintenance and 
isolation for R-SFCL  
7 Primary Plant 22 kV Circuit 
Breakers 
2x Circuit Breaker for protection of R-SFCL device 
8 Primary Plant 22 kV Load Break 
Switch 





Appendix C CIGRE Transformer outage 
Data 
The Figure App C-1 gives a probability of transformers between 30 - 40 MVA of experiencing an 
outage per annum. This data was used for the outage scenarios investigated in Case B. 
 
Figure App C-1 - CIGRE Outage Data 
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